Introduction
Simple, fast and cost-effective realization of high-resolution complex patterns of functional materials is crucial in future manufacturing technologies. Zinc oxide (ZnO), a popular functional material, has been widely used in many applications, including high-resolution field emission displays, transparent conducting electrodes, solar cell windows and surface acoustic wave devices [1] [2] [3] [4] [5] . Some of these applications require patterned ZnO films as device components. Various methods of patterning ZnO films have been developed to accommodate the trend toward miniaturization of device components. Elaborate nanopatterns are generally fabricated by electron beam lithography (EBL), focused ion beam (FIB) lithography and atomic force microscopy (AFM) nanolithography [6] [7] [8] . However, these approaches have limitations in both large-scale production and patterning over large areas, owing to their low throughput, high processing cost and sometimes complicated operational procedures. In contrast, unconventional techniques, such as ultraviolet-assisted nanoimprint lithography (UV-NIL) and many other forms of soft lithography, are simple to operate, cost-effective and suitable for large-area patterning [9, 10] . Since UV-NIL is traditionally used as a one-to-one pattern replication process, each new imprint pattern requires a new imprint mold and often a new master for the mold. As a result, a large collection of masters and molds is needed for creating different patterns in the UV-NIL, even for a simple rescaling of a pattern. This will increase the fabrication cost substantially, if the masters with high-resolution features are still obtained using costly approaches such as EBL. Therefore, it is necessary to search for a cheaper and more convenient method of generating new nanoimprint masters and molds with finer features.
There is an increasing demand for developing simple, fast and cost-effective fabrication methodologies that integrate the preparation of functional materials and the micro-and nanopatterning of these materials. Micro-and nanopatterning of functional materials such as ZrO 2 , ZnO and TiO 2 using photosensitive organic hybrids have been reported [11] [12] [13] . Among various emerging fabrication methodologies, UV-NIL is capable of integrating material preparation and patterning into fewer cost-effective processing steps. In the typical UV-NIL, fabrication of a reliable master with desired architectures is the starting point. For high-resolution UV-NIL, most masters are fabricated by EBL or deep-ultraviolet (DUV) photolithography. This makes high-resolution UV-NIL still partially dependent on expensive lithography technologies, and therefore not easily accessible. One of the promising directions is to start high-resolution UV-NIL with an upscaled pattern produced by UV photolithography, and then find simple and inexpensive ways of reducing feature sizes in the succeeding UV-NIL processing steps. In our previous work, we demonstrated the facile fabrication of both amorphous and crystalline TiO 2 and ZrO 2 architectures by UV-NIL, using photosensitive metal-organic compounds [14, 15] . It was found that the feature sizes of directly patterned TiO 2 and ZrO 2 architectures can be reduced by thermal annealing. It would be worthwhile to apply this method to the fabrication of various ZnO patterns, and we anticipated the development of a cost-effective UV-NIL routine that is independent of expensive lithography technologies.
Hill and colleagues extensively researched the use of directly patternable photolithography, called photochemical metal-organic deposition (PMOD), using conventional deep-UV photolithography [16, 17] . However, submicron patterning by PMOD, although seemingly trivial, has not been demonstrated. In this paper, we present a novel technique, which is a modified version of direct UV-NIL for achieving submicron features without the need of masters with submicron features. In this work, we demonstrate the use of a sequential poly(urethaneacrylate) (PUA) mold replication and inorganic imprinting for the fabrication of various PUA molds and imprinted architectures. Feature sizes are markedly reduced by annealing the imprinted ZnO architectures, and a further reduction can be achieved by repeating the sequential fabrication. This method provides us with a novel size reduction technique without the need to fabricate new masters, as the imprinted and annealed ZnO architectures can be used as masters for making new PUA molds. In addition, dose-controlled UV exposure of the ZnO precursor films was investigated to fabricate complex architectures by a two-step UV-NIL, using PUA molds with microscale holes and nanoscale pillars.
Experimental details

Fabrication of PUA molds and ZnO architectures/masters
The silicon master used for size reduction in this work consists of hexagonal arrays of pillars of 1000 nm diameter and 1300 nm height; it was fabricated by conventional UV photolithography (MA-150 aligner, SUSS MicroTec, Garching, Germany) and subsequent deep reactive ion etching (RIE). Architectures on the silicon master were replicated onto a PUA mold by UV imprinting as described elsewhere [18, 19] . This mold, containing microscale holes, is defined as the first replicated PUA mold. Images of the silicon master and the first replicated PUA mold are shown in figure 1. Prior to use for imprinting, the PUA mold was treated by vapor phase deposition of trichloro(1H, 1H, 2H-2H-perfluorooctyl)silane (97%, Sigma-Aldrich Co.) to improve the release between the PUA mold and the film to be imprinted [20] .
The ZnO sol-gel precursor solution was prepared with zinc acetate dihydrate (98%, Sigma-Aldrich Co.), 2-methoxyethanol (99%, Sigma-Aldrich Co.) and monoethanolamine (99%, Sigma-Aldrich Co.) as the starting Zn source, solvent and sol stabilizer, respectively, by a Figure 3 . XRD patterns of the UV-irradiated ZnO film and the films annealed at 300, 400, 500 and 600
• C for 1 h.
published procedure [21] . Photosensitive 2-nitrobenzaldehyde was also introduced into the solution at a concentration of 0.5 M to improve the photosensitivity. The solution was filtered with a syringe through a 0.45-µm Teflon membrane. A silicon substrate, p-Si (100) (LG Siltron), was immersed in an acetone bath under sonication for 5 min, followed by an immersion in isopropyl alcohol for 5 min, and then rinsed with deionized water (Milli-Q, Millipore Corp.) for 3 min. The substrate was dried under nitrogen flow and further treated with argon plasma in a plasma cleaner (PDC-002, Harrick Scientific Corp.) for 5 min. The cleaned silicon substrate was treated with an adhesion promoter (Exfix, ZAP-1020, ChemOptics) to enhance the adhesion between the silicon substrate and the spin-coated film. This was accomplished by spin-coating the adhesion promoter onto the silicon substrate at 3000 rpm for 60 s, followed by heating the substrate on a hot plate at 110
• C for 2 min. The thickness of the spin-coated Exfix films was a few tens of angstroms.
A photosensitive precursor film was prepared by spin-coating the ZnO sol-gel precursor solution onto the promoter-treated silicon substrate at 1000 rpm for 60 s. The film was baked on a hot plate at 80
• C for 3 min to remove the residual solvent. The first replicated PUA mold was then pressed against the film at a pressure of 6 bar at room temperature for 5 min, using a NIL-8 imprinter (Obducat, Sweden). Meanwhile, the film was exposed to UV light (25 mW cm −2 with a major wavelength peak of 365 nm) through the PUA mold for 7 min (10.5 J cm −2 ) to induce photochemical reactions. By detaching the PUA mold from the irradiated film, the first imprinted Zn-containing pattern was obtained. To reduce the feature size, this pattern was annealed at 400
• C for 1 h in air. Images of both the as-imprinted and annealed patterns are shown in figure 1. The annealed ZnO pattern served as a new master to replicate architectures onto a PUA mold, which was used to repeat the above imprinting and annealing steps on a photosensitive precursor film, further reducing the feature size. Figure 1 shows a schematic diagram of the above-described size reduction technique, where the PUA mold fabrication and the ZnO sol-gel precursor imprinting and annealing processes are applied twice.
Fabrication of complex ZnO architectures
To obtain complex ZnO architectures consisting of both microscale and nanoscale features, a second Si master was fabricated using DUV photolithography and subsequent RIE. This Si master consists of hexagonal arrays of holes that are 200 nm deep and 300 nm in diameter. It was used to replicate a PUA mold with nanopillars by UV imprinting [18, 19] . As mentioned in section 2.1, a photosensitive precursor film was prepared by spin-coating the ZnO sol-gel precursor solution onto the promoter-treated silicon substrate at 800 rpm for 60 s, and baked on a hot plate at 80
• C for 3 min to remove the residual solvent. The first replicated PUA mold with microscale holes was then pressed against the film at a pressure of 6 bar at room temperature for 5 min, using a NIL-8 imprinter (Obducat, Sweden). After the film was exposed to UV light for 4 min (6.0 J cm −2 ), the PUA mold with microscale holes was detached. This was followed by another UV-NIL step on the same film, using a PUA mold of nanoscale pillars at a dose of 4.5 J cm −2 to imprint complex architectures by the combination of dose-controlled UV exposure and a two-step UV-NIL.
Characterization
Imprinted and annealed Zn-containing architectures were examined using a Hitachi S-4800 field-emission scanning electron microscope (SEM), an FEI Nova 600 Nanolab FIB-SEM, and a PSIA XE-100 atomic force microscope operated in noncontact mode. The crystallinities of UV-irradiated and annealed ZnO films were investigated by x-ray diffraction (XRD) using a Rigaku D/Max 2500 diffractometer with Cu K α radiation (λ = 1.54178 Å), Figure 5 . SEM images of (a) the second replicated PUA mold, (b) the second imprinted pattern and (c) the pattern annealed at 400
• C for 1 h. operated at 40 kV and 300 mA. To study the photosensitivity and contrast of the ZnO precursor, a set of precursor films were exposed to different doses of UV light during the imprinting. The imprinted patterns were then rinsed with 2-methoxyethanol for 60 s to remove the unconverted component of the film. The height of the resulted patterns was measured by AFM. The sensitivity and contrast were derived from a plot of the normalized pattern height versus the exposure dose, as shown in figure 2. It is worth mentioning that solvent rinsing is unnecessary in the UV-NIL of ZnO architectures. The experiments designed here were used to evaluate the extent of photochemical conversion against exposure dose and to further optimize the fabrication conditions.
Results and discussion
The sensitivity and contrast of the photosensitive ZnO precursor are important parameters for the fabrication of ZnO patterns by UV-NIL. To quantify them, a characteristic photosensitivity curve, presenting the normalized pattern height as a function of the exposure dose, was obtained as shown in figure 2 . The contrast (γ ), a measure of the selectivity between the converted and unconverted portions of a film in the solvent, is defined using following equation [22] .
Here, D 0 is the minimal dose required to produce a measurable remaining pattern height after rinsing, and D 1 is the minimal dose required to produce no change in the remaining pattern height after rinsing. D 0 and D 1 are normally determined by extrapolating the linear portion of the curve to obtain the dose values (see figure 2 ) corresponding to 0 and 1.0 normalized pattern height, respectively. The contrast determines the ability of the photosensitive ZnO precursor to reproduce patterns by UV-NIL, when a precursor film is imprinted with a PUA mold and exposed to UV light and then the PUA mold is detached from the irradiated film. A higher contrast implies that the precursor can reproduce patterns of higher resolution. In addition, the sensitivity (D 0.5 ) is defined as the exposure dose required to obtain a 0.5 normalized pattern height after rinsing. A smaller D 0.5 impilies that the material has a higher sensitivity to irradiation. This means that it requires less energy, i.e. a shorter exposure time, to complete the photochemical conversion. From figure 2 , the D 0.5 and γ values of the ZnO precursor were calculated as 6.5 J cm −2 and 16.5, respectively. A recently reported negative-type resist, one of photosensitive poly(benzoxazole)s, has D 0.5 = 78 mJ cm −2 and γ = 4.0 for 365 nm irradiation (i-line) [23] . Compared with this resist, the photosensitive ZnO sol-gel precursor used here has a much lower sensitivity but a higher contrast. Although a smaller value is preferred, the precursor sensitivity is not a limiting factor in UV-NIL, as the functional materials are prepared in the patterning steps rather than by means of a sacrificial resist. More importantly, approaches are available to improve the sensitivity of a UV-NIL precursor. For example, the ZnO sol-gel precursor (D 0.5 = 6.5 J cm −2 ) is much more sensitive to the 365 nm irradiation than the Zr-containing metal-organic precursor (D 0.5 = 84.2 J cm −2 ) used in our previous work, owing to the introduction of 2-nitrobenzaldehyde as a photoinitiator of the photochemical reaction. This result presumably indicates a photochemical process very different from that in our other UV-NIL where a simple metal-organic precursor is used. When a simple metal-organic precursor is used, the precursor films decompose through ligand-to-metal charge transfer (LMCT)-induced photolysis [14] . However, with the presence of photosensitive 2-nitrobenzaldehyde, the decomposition of zinc-containing films in this study likely proceeds through hydrolysis and condensation, which is assisted by photoreleased acid, as briefly mentioned in our previous paper [24] . Upon exposure to UV light, 2-nitrobenzaldehyde molecules undergo photolysis, leading to the release of protons (H + ) and the formation of 2-nitrosobenzoic anions [25] . The photogenerated protons could combine with monoethanolamine to destabilize zinc acetate and further catalyze the hydrolysis of zinc acetate, creating crosslinks between zinc centers. Meanwhile, LMCT-induced photolysis, if not predominant, may still occur. As a result, the exposed film is rendered insoluble in 2-methoxyethanol when rinsing and rigid to retain the relief architectures when detaching the imprint mold.
As demonstrated in our previous work, thermal annealing in air at 400
• C for 1 h is sufficient to convert the imprinted ZrO 2 architectures from amorphous phase to crystalline phase. Meanwhile, a substantial volume reduction, originating from the elimination of organic molecules trapped inside the film, densification of materials and structural arrangement for the formation of crystalline phase was observed in the annealed ZrO 2 architectures [14] . Similar results are anticipated for the thermal annealing of imprinted ZnO architectures. To study the effects of annealing temperature, ZnO precursor films were prepared on quartz substrates and exposed to UV irradiation under conditions similar to those used for our size reduction technique, followed by annealing at various temperatures. XRD was used to characterize the resultant films and the corresponding XRD patterns are shown in figure 3 . As can be seen in figure 3 , the irradiated film was amorphous and remained amorphous after annealing at 300
• C for 1 h. For the film irradiated and further annealed at 400
• C, a crystalline ZnO phase corresponding to the hexagonal wurtzite structure appeared, with crystallites of random orientation. At higher annealing temperatures, 500 and 600
• C, the crystallites showed a preferred (002) orientation. This orientation is kinetically favored during the growth of ZnO films, reflecting the fact that the highest density of Zn atoms is found in the [002] plane [26] . This preference for the (002) plane in wurtzite ZnO films is well known and has been reported for films formed by sputtering, pulsed laser deposition and sol-gel methods [12, 27, 28] . Since annealing at 400
• C is sufficient to produce crystalline ZnO, and higher temperatures simply promote the (002) orientation, we consider 400
• C as the optimal annealing temperature for our size reduction technique.
Figures 4(a) and (b) show SEM images of the first replicated PUA mold and the first imprinted pattern, respectively. The arrays of pillars of 1000 nm diameter and 1300 nm height were successfully replicated by UV-NIL in the imprinted Zn-containing pattern from the silicon master, using the photosensitive ZnO precursor. To study the effects of annealing time, samples of the first imprinted pattern were annealed at 400
• C for 0.5, 1.0 and 1.5 h, and SEM images of the resultant samples are shown in figures 4(c)-(e), respectively. Annealing at 400
• C for 0.5 h reduced the diameter of pillars by 25% (see figure 4(c) ), and a larger reduction was observed when extending the annealing time to 1 h. As shown in figure 4(d) , the diameter and height of the imprinted pillars became 550 and 600 nm, corresponding to 45 and 54% reductions, respectively. However, no further change in size was observed after annealing for 1.5 h as shown in figure 4(e), indicating that 1 h is sufficient to obtain the maximum achievable reduction.
To obtain smaller ZnO pillars, the PUA mold replication and the ZnO imprinting and annealing processes were repeated, using the first imprinted pattern annealed at 400
• C as a new master. As shown in figure 5(a) , the architectures on the new master were replicated onto a PUA mold as a second replicated PUA mold. Figures 5(b) and (c) show SEM images of the second imprinted pattern and the pattern annealed at 400
• C for 1 h. The pillar diameter and height in figure 5(c) are 400 and 300 nm, respectively. Therefore, by applying our size reduction technique twice, the obtained diameter and height of ZnO nanopillars were reduced by 60.0 and 76.9%, respectively, from the pillar dimensions available on the original Si master. It can be seen that the relative shrinking is always less for the diameter than for the height, which could be related to the lateral confinement due to the material's adhesion to the substrate. Further size reduction is still possible by repeating the above-described size reduction technique. However, to apply the size reduction technique several times, a silicon master with high-aspect-ratio patterns may be needed because of the stronger shrinking in the vertical direction than in the lateral direction. For example, shorter pillars show much less lateral reduction and edge sharpness, which are apparent by comparing the first and second imprinted and annealed patterns. Also, as the size reduction technique is repeated further, the imprinted pattern tends to be more oblique. This tilting can be explained by the rigid lateral confinement from the substrate for the base of pillars, which is reduced for the top of pillars. The obliqueness of pattern sidewalls is replicated in the next imprinted pattern and becomes more pronounced by a further size reduction. Despite the significant shrinkage, macroscopically uniform and crack-free ZnO nanopillars were obtained on 4 in. wafers with good repeatability.
We have also explored the use of UV-NIL to fabricate complex ZnO architectures. Figure 6 shows a fabrication schematic of complex ZnO architectures by a modified UV-NIL. In this process, the exposure dose during UV-NIL is controlled so that two PUA molds with different architectures can be sequentially imprinted onto one precursor film to form complex architectures. In our previous experiments on size reduction, 10.5 J cm −2 , a more than sufficient dose, was used to ensure the complete photochemical conversion of the imprinted films. As mentioned above (see figure 2) , the sensitivity for the ZnO precursor films was 6.5 J cm −2 , i.e. they require an exposure of 6.5 J cm −2 to obtain about 50% photochemical conversion. However, we found it unnecessary to achieve a 50% photochemical conversion in UV-NIL to imprint architectures, as there is no liquid development required for pattern formation. Architectures were successfully imprinted in a precursor film using a PUA mold of microscale holes and a dose of 6.0 J cm −2 . This was followed by another UV-NIL step on the same film, using a PUA mold of nanoscale pillars and a dose of 4.5 J cm −2 . Finally, a complex pattern, containing both microscale pillars and nanoscale holes, was fabricated with well-defined geometry and reasonable pattern fidelity, as shown by the SEM and AFM images in figure 7 . The diameters of the resultant microscale pillars and nanoscale holes were 1000 and 300 nm, respectively, the same as those on the Si masters. Interestingly, the pillar height and hole depth were approximately 900 and 150 nm, corresponding to 30.8 and 25.0% reductions, respectively. Presumably, the partial photochemical conversion and double imprinting hindered the reproduction of architecture dimensions in the vertical direction. However, this is not a concern in the UV-NIL approach studied in this work, as all the pattern dimensions will be reduced when annealing of the imprinted patterns is required to obtain architectures of functional materials. Nevertheless, a uniform complex ZnO pattern was obtained using our UV-NIL approach. It can be useful in photovoltaic, photocatalytic and sensing device applications requiring a simple and cost-effective fabrication of complex architectures on surfaces.
Conclusions
We have described a novel size reduction technique for the fabrication of ZnO patterns and polymer molds with reduced feature sizes, using masters with large feature sizes that can be prepared by low-cost UV photolithography rather than expensive EBL or DUV photolithography. This method was developed on the basis of the direct UV-NIL of functional materials, where the polymer PUA replication and ZnO imprinting and annealing processes are used sequentially and can be repeated to achieve a smaller feature size. By applying the size reduction technique twice, the diameter and height of the obtained ZnO nanopillars were reduced by 60.0 and 76.9%, respectively, from the pillar dimensions available on the original Si master. Despite this significant shrinkage, macroscopically uniform and crack-free ZnO patterns were obtained on 4 in. wafers. In addition, the fabrication of complex ZnO architectures was demonstrated by the combination of dose-controlled exposure and a two-step UV-NIL using two PUA molds with different architectures. It was found that the photosensitive ZnO sol-gel precursor is suitable for producing functional ZnO architectures by UV-NIL. With appropriate photosensitive precursors, the fabrication of other functional metal oxide architectures is also possible by UV-NIL. Our UV-NIL technique allows the facile size-tunable fabrication of intermediate imprint masters (or molds), as well as the resist-free fabrication of functional oxide patterns. It will be an interesting area of future work to investigate how the feature size and shape of functional oxide patterns can be further tuned by applying various plasma etch technologies.
